Abstract-the inspection of weld seam is important for high quality of welding. This paper deals with the issue of visual measurement and inspection of weld bead and defect detection in tailored blanks laser welding. A visual inspection system based on laser structured light and gray image has been developed for weld bead profile monitoring, measuring and defect detection. Image processing and extraction algorithms of the laser profiles and feature points are presented. Experiment was conducted with the visual inspection system using structured light and gray image and experimental results validate the effectiveness of the method.
INTRODUCTION
Tailored blanks laser welding is defined as two or more sheets of blanks with same or different mechanical properties or surface coatings welded together by laser before stamping [1] . The technique which has been widely utilized in automobile body manufacture can directly reduce automobile weight, and indirectly reduce oil consumption and air pollution [2] [3] . The progress in using technique of tailored blanks laser welding in high volume production leads to the strong need for automated and integrated quality inspection system.
In the manufacturing of TWB (tailored welded blanks), the main weld surface defects include mismatch, undercut, and small holes which have significantly negative influences on the mechanical properties of TWB. Therefore, conducting non-destructive testing of weld can ensure the quality. Traditional detecting method of weld surface defects is to use a variety of seam gauges to, offline, measure the dimensions of seam defects. This method is time consuming, limited in accuracy and requires significant operator skill. The inaccessibility of certain seams also makes the method problematic. Currently, based on laser structured light, the SKL-AWPT, Harbin Institute of Technology has designed a weld inspection system [4] , which can be used to inspect the appearance dimension and continuity of Submerged Arc Welding. Soudronic has developed a post-welding inspection system which is adapt to inspect Brazing, arc welding and laser welding. Although researchers have done lots of research on automatic inspection of welding quality and some commercial products have been used in practical production, laboratory prototypes and commercial products still have various defects, such as limited recognition of defect types, weak anti-interference ability and poor ability of estimating the cause of defect. Hence, overcoming the defects of weld quality inspection system remains the difficult point and hotspot for domestic and foreign scholars. This paper, on the analysis of the features of tailored blanks laser welding, proposes a visual inspection system using structured light and gray images, which is capable of providing on-line inspection of weld defects. The main issues will be focused on weld images processing, laser stripes profile extraction, visual features extraction.
II. BRIEF INTRODUCTION OF VISUAL INSPECTION SYSTEM

A. Inspection Principle of Structured Light Vision
The visual inspection system is based on triangulation principle [5] . When the laser diode projects a light on a measured object, the target point will be imaged in the COMS camera. Different height of the points on a measured object will have a displacement on the sensor. So when the baseline length and relative position between laser diode and sensor are known, we can determine the distance between the measured object and the sensor by measuring the position of image points of the measured object on the sensor.
B. Measuring Objects of Weld Quality Inspection System
Often, there are two kinds of defects on weld surface, geometric defect and surface morphological defect. Further classification, the geometric defects consist of bead width, mismatch, undercut, convexity, concavity, overthickness and slope angle; the surface morphological defects consist of small holes, porosity and cracks. The weld quality inspection system is to inspect the two kinds of defects.
C. The Structure of Weld Quality Inspection System
The quality inspection system mainly consists of image processing unit and sensor detection device. More detailed delineation, the image processing unit is composed of an image capture card, an industrial control computer and so on; the sensor detection device, illustrated in Fig.1 , consists of a CMOS camera, a diode laser and a LED illumination. The sensor device can simultaneously obtain structured light images and gray images, and the former is used to detect geometric defects, the latter is used to detect surface morphological defects. The image processing of weld surface quality inspection system can be divided into two basic aspects. The first is image preprocessing which mainly consists of image enhancement, filtering and threshold segmentation; and second is image postprocessing which is comprised of edge detection and feature extraction. The method discussed in this paper is mainly to process the structured light stripe images.
A. Adding Window Processing
The original image size is 1024×1024, as shown in Fig.2 , and through adding window processing, we extract the region of interest and the image size is 200×500, as shown in Fig.3 . After adding window processing, the number of pixels is reduced and the processing speed is accelerated (extracting rows of the original image from 250 to 449 and columns from 300 to 799), as shown in Fig.3 . After adding window processing, the number of pixels is reduced, therefore, a lot of noise interference is removed and the processing speed is accelerated. Although adding window processing can remove some noise, the noise interference remains obviously in Fig.3 , so we use median filter to filter the image. 
B. Threshold Segmentation
Otsu's method, proposed by the Japanese scholar OTSU in 1979, also called maximum between-class variance method, is one of the threshold segmentation methods used frequently. Otsu's method is based on gray histogram and the criterion of this method is to maximize the between-class variance between foreground and background. To examine the formulation of this histogram-based method, we start by treating the normalized histogram as a discrete probability density function, as in
Where n is the total number of pixels in the image, n q is the number of pixels that have intensity level r q , and L is the total number of possible intensity levels. Suppose that a threshold k selected such that C 0 is the set of pixels with levels [0, 1, . . . , k-1] and C 2 is the set of pixels with levels [k, k+1, . . . , L-1]. Otsu's method chooses the threshold value k that maximizes the between-class variance σ, which is defined as
Where ω 0 is the total probability of background, ω 1 is the total probability of foreground, μ 0 is the average gray value of the background, μ 1 is the average gray value of the foreground, and μ T is the average gray value of the image. The formula of ω 0 , ω 1 , μ 0 , μ 1 , μ T is as below
Due to the distinctive reflectivity of base metal and weld region, the brightness and width of laser stripe are different on the base metal and weld region. After global Otsu's threshold segmentation, as show in Fig.5 , we can see that the width distribution of the laser stripe on base metal region is different from that on the weld region, and even more serious problem is that the laser stripe is discontinuous. In order to obtain high precision and complete laser stripe, the author utilizes local Otsu's threshold method. We first divide Fig.4 into three sections, namely, the left base metal region, the right parent metal region and the weld region, then calculate the Otsu's threshold of each region, and finally use calculated thresholds to segment respective regions. Fig.6 demonstrates the result by local threshold segmentation. Compared Fig.6 with Fig.5 , we can easily find that the width distribution of laser stripe of the former is superior to that of the latter, and even more important thing is that the structured light stripe is continuous.
C. Morphological Operation
Through local threshold segmentation, we obtain laser stripe. However, the edge the stripe is still contaminated by noise. In order to eliminate noise interference, we employ Morphological Operation. Fig.7 shows the image after morphological opening operation. Compared Fig.7 with Fig.6 , we can find that the noise interference on the edge of the laser stripe is significantly improved.
D. Detection of Laser Stripe
After morphological opening operation, the laser stripe image is still contaminated by noise which has significantly influence on the edge detection of the laser stripe. However, from Fig.7 we can find that the noise is isolated and the area of the isolated noise is much smaller than that of the laser stripe. Hence, we can extract the laser stripe through finding the maximum area. Fig.8 shows the laser stripe extracted by the method mentioned above, and we can find that the isolated noise has been removed completely. IV. IMAGE POSTPROCESSING AND EXPERIMENTAL RESEARCH During designing inspecting algorithms for weld defects, one difficulty is how to extract the centerline of the laser stripe fast and accurately. The other is how to extract the feature points from the centerline. In the following sections, we will discuss centerline extraction and features extraction.
A. Edge Detection of Laser Stripe
The edge of an object, which is usually described by the direction and magnitude, is an important feature of local changes in the form of discontinuity. Generally speaking, the pixel value changes slightly along the edge, and changes drastically perpendicular to the edge. The basic principle of edge detection is to detect image edge points, and then use a certain strategy to connect the edge points and form the edge image. There are many kinds of edge detection methods, including Robert operator, Prewitt operator, Sobel operator, Laplace operator Canny operator and so on. The computation complexity of Robert operator, Prewitt operator and Sobel operator are lower than other operators, however, they are inclined to affect by noise and easy to detect false edges. Laplace operator and Canny operator have excellent anti-interference performance, whereas their computation complexity is more tremendous and can not be used in the seam quality inspection system of tailored blanks laser welding where time is demanding.
According to the feature of demanding real-time performance of the quality inspection system of tailored blanks laser welding, as well as the laser is vulnerable to affect by noise, this paper proposes an edge detection method for the laser stripe, which has the features of high real-time performance and strong anti-interference ability. The main steps of the algorithm are as follows:
1. After binarizing operation, the pixel gray value of an image only have 0 (black) and 1 (white) and the laser stripe is in the horizontal position, as shown in Fig.8 . Suppose that a template W of which the size is 3×1 is selected, and the elements of W are denoted by a, b and c.
2. Generally, the length of cross section of the laser stripe is longer than that of the noise, so we search the longest chain code on the column j and record the coordinate of the starting point and ending point of the longest chain. The starting point and ending point recorded above are the upper edge point and lower edge point of the laser stripe respectively.
3. Let j=j+1. The flow goes to step 1 and searches for the upper edge point and lower edge point of the laser stripe on the column j+1. Implement all the steps above until all the edge points of the laser stripe is found. Fig.9 shows the single-pixel edges of the laser stripe obtained by using the edge detection method mentioned above. 
B. Centerline Extraction of Structured Light Stripe
There are many kinds of centerline extraction methods and the common methods with pixel precision are Gray Threshold method, Extremum method and Gradient Threshold method which have features of low computational complexity and simple implementation; however, the precision of them is low. The common methods with subpixel precision are Gaussian Fitting method [6] , Gray Centroid method and Hessian Matrix method [7] which have the characteristics of high precision; however, the huge computational complexity make these methods can not be used in the on-line quality inspection system.
Considering that the accuracy of the laser stripe is relatively high, we can take the geometric centerline of the upper edge and lower edge of the laser stripe as the centerline of the laser stripe. The method considers the geometric centre of each cross section of the laser stripe as the central point of the laser stripe. Suppose that (X 1 , Y 1 ) and (X 2 , Y 2 ) denote the two endpoints of a cross section on the laser stripe, the central point of the cross section are denoted by 
C. Feature Points Extraction
In the quality inspection system, feature points extraction is the key technology and the extraction accuracy of feature points have a direct influence on the inspection accuracy. In weld images of structured light, the turning points of laser stripe are commonly selected as the feature points. A common method which can be used to locate the turning points is the Slope Analysis method [8] and the method considers that the change rate of slope in the weld brim is sharper than that of other area. We first select a point P in the centerline arbitrarily, and then assume (i, f(i)) is the coordinate of point P. So, the slope of point P is denoted by
Where f(i-1) is the coordinate before point P. Using the formula above, we can obtain all the slope values in the centerline of laser stripe, and we locate the left biggest and the right biggest slope values. The location of the left biggest slope and the right biggest slope are the feature points we want to obtain. However, in the process of welding, weld images are always contaminated by welding laser, dust, splash and specular reflection of the plates which lead to dramatic fluctuation of the centerline coordinate. Sometimes, the intolerable fluctuation leads to the invalidity of Slope Analysis method. Therefore, the paper proposes a new method which not only considers the structured light but also takes the gray value information into account.
1) Search for the Change Rate Extremum of Gray Values
The gray value change rate in the intersection of the base metal and the weld is much more dramatic, so we consider these intersections to be the edge points of the weld. The gray value change rate is defined as
Where i is the row coordinate and j is the column coordinate, K (i, j) is the gray value change rate of point (i, j), f (i, j) is the gray value of point (i, j), and f (i, j-1) the gray value of point (i, j-1).
In the analysis of gray value change rate, we calculate the mean gray value of the first m rows and take it as the gray value of i-th row so as to reduce the influence of noise interference. In order to further improve the reliability of the method, we use the mean gray value change rate which is defined as ( , 1) 
After obtaining the mean gray value change rate of i-th row, we search for the maximum K 1 and sub-maximum K 2 , and record column coordinate c 1 , c 2 respectively. The column coordinates c 1 and c 2 are the left column coordinates and the right column coordinates of the weld edge. Figure 11 is the curve of gray value change rate which is obtain by setting m=20. From the figure, we can easily find that maximum K 1 and sub-maximum K 2 .
2) Linear Fitting
In order to determine the row coordinates of the feature points, we should first fit two lines which represent the cross section of left base metal and right base metal respectively. The least squares method is a common method for line fitting, however the traditional least squares method is not robust to large outliers. Therefore, we use the least-squares line fit which is multiplied by weight wi and added by Lagrange multiplier, and the formula is as follow: ( ) 
Where α and β are scale factors, wi is a weight factor, λ is a undetermined multiplier, and (r i , c i ) is a set of points, i=1, ⋅ ⋅ ⋅, n. In the section above, we have obtained the coordinates of the centerline. So we extract the first n points (n should be less than c 1 ) and the last n points (n should be larger than c 2 ) in the centerline to fit two lines which are denoted by L 1 and L 2 respectively. In the Figure12, the horizontal lines are obtained by the least-squares line fit and setting n=100.
3) Determine the Two Feature Points
The column coordinates of the feature points which are denoted by c 1 and c 2 have been determined, and the two lines L 1 and L 2 which represent the cross section of left base metal and right base metal respectively also have been determined. We figure out other two lines S 1 and S 2 perpendicular to the horizontal axis and whose column coordinates are c 1 and c 2 , and then calculate the intersections of L 1 and S 1 , L 2 and S 2 . The intersections P 1 (r 1 , c 1 ) and P 2 (r 2 , c 2 ) are the feature points we want to obtain. In the Figure 12 , the vertical lines are S 1 and S 2 , and the intersections of horizontal lines and vertical lines are the feature points P 1 and P 2 . After getting the feature points, we can calculate the weld defect values, such as bead width, mismatch, convexity, concavity and so on, then compare these values with ISO13919-B to find out whether the weld quality is good or not. In this paper, a visual inspection system using structured light and gray image has been presented. By the inspection system, the geometric defects of tailored welded blanks have been detected. The presented extraction algorithms of laser profiles and feature points are reliable and robust to disturbance in the weld images. On-line experimental results validate the effectiveness of the method. Visual inspection system proposed in this paper can improve quality and productivity of welding. The process of inspection is visual and the data of inspection can be saved conveniently for management of weld production.
